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CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] The present application claims priority to commonly 
assigned U.S. Provisional Patent Application No. 
60/421,447, entitled "LOW LOSS DC/DC CONVERTER," filed on 
October 25, 2002, which is hereby incorporated by reference 
in its entirety. 

TECHNICAL FIELD 

[0002] This invention relates to direct current to direct 
current (DC/DC) converters. 

BACKGROUND 

[0003] In some applications, DC/DC converters may be 
operated using high switching frequencies. For example, in 
order to meet response time requirements for particular 
loads, switching frequencies on the order of tens to 
hundreds of megahertz may be needed. However, with higher 
switching frequencies, the power dissipated as a result of 
the gate switching loss may increase to an unacceptable 
level . 

[0004] FIG. 1 shows a DC/DC converter system 100 in a step- 
down configuration known as a ''buck" configuration. A 
pulse width modulator (PWM) controller 110 controls a 
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p-switch 120 and an n-switch 130, which are implemented 
using power transistors. A load 140 may be coupled with 
the output of p-switch 120 and n-switch 130 via an inductor 
150 and a capacitor 160. 

[0005] System 100 may dissipate power in a number of ways, 
each of which decreases the efficiency of the system. For 
example, resistive losses due to the on-state drain/source, 
resistance (referred to as Rds-on) reduce the efficiency of 
the system. In order to reduce power loss due to Rds-on/ 
larger transistors may be used. 

[0006] However, larger transistors exhibit increased 
capacitance between the gate and the source, Cgg. This in 
turn increases what is termed the gate loss of the 
transistor. For a voltage V being switched at a frequency 
f across a capacitance Cgs, the gate loss is given by 
Equation (1) below: 

[0007] Gate loss = Cgs f Equation (1) 

[0008] At relatively low frequencies (for example, 
frequencies on the order of about 100 kHz), the gate loss 
may be significantly less than Rds-on- However, as higher 
switching freqxiencies are used, gate loss may make a 
substantial contribution to the power dissipation in system 
100. 
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SUMBIARY 

[0009] In general, in one aspect, a direct current to 
direct current converter includes a first switch to output 
a first voltage on a first output terminal in response to a 
turn-on voltage at a first control terminal. The converter 
may also include a second switch to output a second voltage 
on a second output terminal in communication with the first 
output terminal in response to a turn-on voltage at a 
second control terminal. 

[0010] The first control terminal may selectively 
communicate with one of N > 2 different voltages. The 
second control terminal may selectively communicate with 
one of M > 2 different voltages. 

[0011] The first switch and the second switch may comprise, 
for example, first and second transistors, where the first 
and second output terminals comprise associated drains of 
the first and second transistors, and where the first and 
second control terminals comprise associated gates of the 
first and second transistors. 

[0012] The converter may also include a first multi-level 
controller in communication with the first control 
terminal. The first multi-level controller may include N > 
2 drivers, where each of the n=l to n=N drivers is to 

selectively apply a different voltage Vn to the first 
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control terminal. The N drivers may be to selectively 
apply the different voltage for a time sufficient for the 
voltage at the first control terminal to substantially 
equilibrate with the different voltage. 

[0013] The converter may also include a second multi-level 
controller in communication with the second control 
terminal. The second multi-level controller may include 
M > 2 drivers, where each of the m=l to m=N drivers is to 
selectively apply a different voltage Vm to the second 
control terminal. The first and second multi-level 
controllers may be to turn on the first switch and the 
second switch alternately. The first output terminal and 
the second output terminal may be in communication with a 
load; for example, via an inductor and a capacitor. 
[0014] In general, in another aspect, a direct current to 
direct current converter includes an integrated circuit. 
The integrated circuit includes a first switch to output a 
first voltage on a first output terminal in response to a 
turn-on voltage at a first control terminal. The 
integrated circuit may also include a second switch to 
output a second voltage on a second output terminal in 
communication with the first output terminal in response to 
a turn-on voltage at a second control terminal. 
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[0015] The integrated circuit may also include a first 
multi-level controller in communication with the first 
control terminal. The first multi-level controller may 
include N > 2 drivers, where each of the n=l to n=N drivers 
is to selectively apply a different voltage Vn to the first 
control terminal . At least one of the N drivers may 
comprise an associated capacitance. 

[0016] The converter may also include a capacitor separate 
from the integrated circuit, where the capacitance of the 
capacitor is included in the associated capacitance of one 
of the N drivers. The capacitor may be one of P 
capacitors, where a capacitance of each of the P capacitors 
is included in the associated capacitance of at least one 
of the N drivers. 

[0017] The integrated circuit may also include a second 
multi-level controller in communication with the second 
control terminal. The second multi-level controller may 
include M > 2 drivers, where each of the m=l to m=N drivers 
is to selectively apply a different voltage Vm to the second 
control terminal . 

[0018] In general, in one aspect, a direct current to 
direct current converter may comprise a first switching 
assembly including I switches to output a voltage on an 

associated output terminal in response to a turn-on voltage 
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at an associated control terminal, each of the associated 
output terminals in communication with a first switching 
assembly output terminal configured to output a voltage to 
a load. One or more of the I switches may include an 
associated multi-level controller in communication with an 
associated control terminal. An i-th one of the associated 
multi-level controllers may include N(i) drivers, each of 
the n(i)=l to n(i)=N(i) drivers to selectively apply a 
different voltage Vnii) to the associated control terminal, 
where N(i) is greater than two for at least one of the I 
switches . 

[0019] The converter may further comprise a second 
switching assembly including J switches. Each of the J 
switches may be to output a voltage on an associated output 
terminal in response to a turn-on voltage at an associated 
control terminal. Each of the associated output terminals 
may be in communication with a second switching assembly 
output terminal. The second switching assembly output 
terminal may be in communication with the first switching 
assembly output terminal . 

[0020] One or more of the J switches may include an 
associated multi-level controller in communication with an 
associated control terminal. For example, a j-th one of 

the associated multi-level controllers may include N(j) 
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drivers, each of the n(j)=l to n{j)=N(j) drivers to 
selectively apply a different voltage Vn(j) to the associated 
control terminal, where N(j) is greater than two for at 
least one of the J switches. 

[0021] In general, in one aspect, a method may include 
alternately generating a first output voltage at an output 
of a first switching assembly including I switches and 
generating a second output voltage at an output of a second 
switching assembly including J switches. The output of the 
first switching assembly may be in communication with the 
output of the second switching assembly. 
[0022] Generating the first output voltage may comprise 
turning on the first switching assembly, which may comprise 
selectively applying n{i)=l to n(i)=N{i) different voltages 
Vn(i) to an associated control terminal of an i-th one of the 
I switches. Selectively applying the different voltages 
Vn(i) may comprise applying a voltage Vkd at which the i-th 
switch is off, subsequently applying an intermediate 
voltage Vint(i)/ and subsequently applying a voltage Vnci) at 
which the i-th switch is on, wherein Vint(i) is between Vkd 
and VN{i). 

[0023] Generating the second output voltage may comprise 
turning on the second switching assembly. Turning on the 

second switching assembly may comprise selectively applying 
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m(j)=l to ni(j)=M(j) different voltages Vmij) to an associated 
control terminal of a j-th one of the J switches. 
Selectively applying the different voltages Vm{j) may 
comprise applying a voltage Vi(j) at which the j-th switch is 
off, subsequently applying an intermediate voltage Vint(j)/ 
and subsequently applying a voltage VM(j) at which the j-th 
switch is on, wherein Vint(j) is between Vi(j) and Vncj) . 
[0024] The method may further comprise filtering the first 
output voltage and the second output voltage to produce a 
generally direct current voltage. The generally direct 
current voltage may be applied to a load. 

[0025] Turning on the first switching assembly may comprise 
selectively applying a voltage V2 in turn to a plurality of 
the I switches and applying a voltage V3 to the plurality of 
the I switches. The method may include applying V2 to at 
least one of the I switches and applying V3 to a different 
one of the I switches at the same time. 
[0026] In general, in one aspect, a direct current to 
direct current converter may comprise means for generating 
a first output voltage at a node of the direct current to 
direct current converter. The converter may further 
comprise means for generating a second output voltage 
alternately with the first output voltage at the node. The 

means for generating the first output voltage may comprise 
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means for selectively applying n=l to n=N(i) different 
voltages to a control terminal of an i-th one of I 
switches, wherein the different voltages include a voltage 
Vii at which the associated i-th switch is off, a voltage 
VN(i)i at which the associated i-th switch is on, and a 
voltage Vintu) between Vu and VN(i)i- 

[0027] In general, in one aspect, a direct current to 
direct current converter may include a first switching 
means for outputting a first voltage on a first output 
terminal means in response to a turn-on voltage at a first 
control terminal means. The converter may further include 
a second switching means for outputting a second voltage on 
a second output terminal means in communication with the 
first output terminal means in response to a turn-on 
voltage at a second control terminal means. 
[0028] The first control terminal means may selectively 
coinmunicate with one of N > 2 voltages. The second control 
terminal means may selectively communicate with one of 
M > 2 voltages. 

[0029] The converter may further include a first multi- 
level controlling means for controlling the first switching 
means. The first multi-level controlling means may be in 
communication with the first control terminal means, and 

may include N driving means, each of the n=l to n=N driving 
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means for selectively applying a different voltage Vn to the 
first control terminal means, where N is greater than two. 
[0030] In general, in one aspect, a direct current to 
direct current converter may include an integrated circuit. 
The integrated circuit may include a first switching means 
for outputting a first voltage on a first output terminal 
means in response to a turn-on voltage at a first control 
terminal means. The integrated circuit may further include 
a second switching means for outputting a second voltage on 
a second output terminal means in communication with the 
first output terminal means in response to a turn-on 
voltage at a second control terminal means. 
[0031] The integrated circuit may further include a first 
multi-level controlling means for controlling the first 
switching means. The first multi-level, controlling means 
may be in communication with the first control terminal 
means, and may include N driving means, each of the n=l to 
n=N driving means for selectively applying a different 
voltage Vn to the first control terminal means, where N is 
greater than two. At least one of the N driving means may 
include an associated capacitance means. 
[0032] The converter may further include a second 
capacitance means separate from the integrated circuit, a 
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capacitance of the second capacitance means included in the 
associated capacitance of one of the N driving means. 
[0033] In general, in one aspect, a direct current to 
direct current converter may include a first switching 
assembly means, the first switching assembly means 
including I switching means for outputting a voltage on an 
associated output terminal means in response to a turn-on 
voltage at an associated control terminal means. Each of 
the associated output terminal means may be in 
communication with a first switching assembly means output 
terminal means configured to output a voltage to a load. 
One or more of the I switching means may further include an 
associated multi-level controlling means for controlling 
the switching means, the associated multi-level controlling 
means in communication with an associated control terminal 
means. An i-th one of the associated multi-level 
controlling means may include N(i) driving means, each of 
the n(i)=l to n{i)=N(i) driving means for selectively 
applying a different voltage Vn(i) to the associated control 
terminal means, where N(i) is greater than two for at least 
one of the I switching means. 

[0034] The details of one or more implementations are set 
forth in the accompanying drawings and the description 
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below, other features and advantages will be apparent from 
the description and drawings, and from the claims. 

DESCRIPTION OF DRAWINGS 
[0035] FIG. 1 is a schematic of a DC/DC converter according 
to the prior art. 
• [0036] FIG. 2 is a schematic of an implementation of a 
DC /DC converter. 

[0037] FIG. 3A is a schematic of another implementation of 
a DC/DC converter. 

[0038] FIG. 3B is a schematic of another implementation of 
a DC/DC converter. 

[0039] FIG. 4 is a schematic of another implementation of a 
DC /DC converter - 

[0040] FIG. 5A is a plot of Ids versus Vds for different 
values of Vgs- 

[0041] FIG. 5B is a schematic of an implementation of a 
DC/DC converter including a switch assembly controller. 
[0042] FIG. 6 is a plot of current as a function of time 
for a single transistor implementation. 

[0043] FIG. 7 is a schematic of an implementation including 
M transistors. 

[0044] FIG. 8 is a plot of current versus time for an 
implementation using multiple transistors. 
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[0045] FIG. 9 is a schematic of an implementation including 
some controllers that are not switched through all 
intermediate voltage levels. 

[0046] FIG. 10 is a plot of voltage versus time for an 
implementation in which there is some overlap in a 
transition between transistors. 

[0047] Like reference symbols in the various drawings 
indicate like elements. 

DETAILED DESCRIPTION 
[0048] A low loss DC/DC converter as described herein may 
provide significant benefits at increased switching 
frequencies. Output regulators such. as DC/DC converters 
are described in U.S. Patent Application Serial No. 
10/460,825, Attorney Docket Number MP0185, filed June 12, 
2003, which is hereby incorporated by reference in its 
entirety. 

[0049] As noted above, a DC/DC converter may provide a 
generally DC voltage to a load by filtering the output of 
two switches that are turned on and off alternately. 
FIG. 2 shows a system 200 for low loss DC/DC conversion 
according to some implementations. 

[0050] System 200 includes a first switch 210 and a second 

switch 220. First switch 210 may output a voltage on a 
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first output terminal 211 in response to a turn-on voltage 
at a first control terminal 212. Similarly, second switch 
220 may output a voltage on a second output terminal 221 in 
response to a turn-on voltage at a second control terminal 
222. First switch 210 and second switch 220 may be turned 
on and off alternately, and their outputs filtered using a 
filter 230- The filtered, generally DC output may be 
provided to a load 240. 

[0051] Rather than turning on first switch 210 and second 
switch 220 by switching a voltage at the associated control 
terminal directly from a voltage at which the switch is off 
to a voltage at which the switch is on, the associated 
control terminal may selectively communicate with one of a 
number of different voltages. That is, first switch 210 
and second switch 220 may selectively communicate with a 
first voltage at which the associated switch is off, a 
second voltage at which the associated switch is on, and 
one or more intermediate voltages between the first voltage 
and the second voltage. 

[0052] The associated control terminal may selectively 
communicate with the different voltages in a number of 
ways. For example, system 200 may include a multi-level 
connector 215 to selectively communicate the N different 

voltage levels with first control terminal 212. For first 
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switch 210, Vi(i) may be a voltage at which first switch 210 
is off, while Vncd may be a voltage at which first switch 
210 is on. Rather than directly switching between Vkd and 
Vi{N)/ multi-level connecter 215 selectively communicates one 
or more intermediate voltages such as V2{i) and V(n-i)(1) with 
first control terminal 212. Similarly, a second multi- 
level connector 225 may selectively communicate M different 
voltage levels Vi(2) through Vm(2) with second control 
terminal 222 to turn on second switch 220. 

[0053] First switch 210 and second switch 220 may be turned 
off in a similar manner. That is, the associated control 
terminal may selectively communicate with one of a number 
of different voltages, rather than being directly switched 
from a second voltage at which the associated switch is on 
to a first voltage at which the associated switch is off. 
[0054] A DC/DC converter according to FIG. 2 may be more 
efficient than one in which the switches are turned on and 
off conventionally. In an illustrative example, first 
switch 210 and second switch 220 may be implemented as 
first and second transistors, and first control terminal 
212 and second control terminal 222 may be associated gates 
of the transistors. 

[0055] For first switch 210, Vkd corresponds to a voltage 

at which the transistor is off, while Vn{1) corresponds to a 
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voltage at which the transistor is fully on. Similarly, 
for second switch 220, Vi(2) corresponds to a voltage at 
which the transistor is off, while Vm{2) corresponds to a 
voltage at which the transistor is fully on. The first and 
second transistors each have an associated gate source 
capacitance Cgs. 

[0056] As noted above, a transistor switch operating at a 
frequency f may have an associated gate loss that depends 
on Cgs. According to Equation (1), if the gate voltage were 
switched directly between Vkd and Vn(1) , the gate loss for 

the first switch would be equal to C^, — — — — / . 

[0057] Assuming N equally spaced voltage levels, for each 
of the (N-1) voltage changes, the gate loss per voltage 
change is shown in Equation (2) : 



1^1 ^W(l) ^l(l) 



v2 



[0058] Gate lossper level = 2^g^[ AT-l j ^ Equation (2) 

[0059] Since there are N-1 steps, the net gate loss is 
given by Equation (3) : 

(y _y )2 

[0060] Gate Lossnet = C^, ^A/.n ^ Equation (3) 

[0061] Thus, the theoretical net gate loss is 1/(N-1) times 
the loss obtained in a system switching directly between 

Vi(i) and Vn(i) (either turning on or turning off the first 
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switch) . The achieved improvement in gate loss may be less 
than the theoretical level. For example, if the gate 
voltage does not completely settle to an intermediate 
voltage level prior to switching to the next level, the 
actual improvement in gate loss may be less than the 
theoretical level. 

[0062] As Equation (3) illustrates, using larger values of 
N may lead to greater improvements in the net gate loss, 
However, since stepping through the inteinnediate voltage 
levels takes a finite time, N is generally chosen as an 
appropriate value for improving gate loss and completing 
the switching within a reasonable time. In some 
implementations, N may be in the range from four to eight. 
[0063] FIG. 3A shows a DC/DC conversion system 300 
according to some implementations. A gate 310 of a first 
NMOS transistor 320 is in communication with a multi- level 
controller 330. Controller 330 selectively applies 
discrete voltage levels 340-0 through 340-N to gate 310. 
Multi-level controller 330 may include N+1 drivers such as 
driver 348-1. Driver 348-1 includes a capacitance 332-1 
for charge storage and recycling, as well as a switching 
mechanism to selectively apply voltage level 340-1 to gate 
310. Some of the N+1 drivers may include a switching 

mechanism to selectively apply an associate voltage to the 

Customer No. 23624 17 
Express Mail No. EV 348187926 US 



MP0237 

gate but may not include an associated capacitor. The 
value of capacitance 332-1 may be chosen to provide 
sufficient charge storage and recycling capability. For a 
transistor with a gate-source capacitance Cgs, capacitance 
332-1 is generally much greater than Cgs- System 300 may 
further include a second multi-level controller 360. 
Multi-level controller 360 may be in communication with a 
gate 355 of a second PMOS transistor 350. Multi-level 
controller 360 may include M drivers to selectively apply M 
different voltage levels to gate 355. 

[0064] In some implementations, at least a portion of 
multi-level controller 330 may be included in an integrated 
circuit. However, since the capacitance used for charge 
storage and recycling is generally much greater than Cgs, 
including all of the capacitance on the integrated circuit 
may be difficult and expensive. Therefore, it may be 
beneficial to provide some charge storage capacity off- 
chip; that is, separate from an integrated circuit 
including other elements of multi-level controller 330. 
[0065] First transistor 320 and second transistor 350 may 
be turned on alternately; that is, first transistor 320 may 
be turned on while second transistor 350 is off (or in some 
cases, barely on) , and vice versa. A generally DC voltage 

may be provided to a load 390 by filtering the signal at 
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the drain of first transistor 320 and second transistor 350 
using an inductor 370 and a capacitor 380. 
[0066] First transistor 320 may be turned on and off by 
switching a voltage at gate 310 between a first voltage 
340-0 at which first transistor 320 is off and a second 
voltage 340-N at which first transistor 310 is on. 
However, rather than directly switching gate 310 of 
transistor 320 between first voltage 340-0 and second 
voltage 340-N (e.g., between 0 volts and 5 volts or 12 
volts) , gate 310 is switched between the first voltage and 
the second voltage via intermediate voltage levels 340-1 
through 340- (N-1) . 

[0067] The different voltage levels 340-0 through 340-N may 
be provided using, for example, a voltage divider including 
resistors 334-1 through 334-N as shown. Note that 
resistors 334-1 through 334-N should be large so that 
minimal power is dissipated in the voltage divider. In 
some implementations, resistors 334-1 through 334-N may be 
substantially the same, so that the voltage levels are 
equally spaced. In other implementations, at least one of 
the resistors 334-1 through 334-N may be different from one 
or more of the other resistors. 

[0068] Note that the voltage divider shown in FIG. 3A is 

only one of many alternatives for providing different 
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voltage levels. Other configurations may be used. For 
example, voltage sources utilizing op-amps, digital to 
analog (D/A) converters, or current sources may be used. 
[0069] FIG. 3B shows a system 305, according to an 
implementation where a second transistor 350 is implemented 
as a PMOS transistor. A gate 355 of second transistor 350 
is in communication with a multi-level controller 365. 
Controller 365 selectively applies discrete voltage levels 
345-0 through 345-M to gate 355. In system 305, a first 
transistor 320 is implemented as an NMOS transistor, with a 
controller 335 in communication with a gate 310 of first 
transistor 320. As with the implementation of FIG. 3A, the 
different voltage levels 345-0 through 345-M may be 
provided using a resistive voltage divider, while 
capacitive charge storage and recycling may be provided 
using capacitors. 

[0070] FIG. 4 shows a system 400, in which a first 
transistor 420 and a second transistor 450 are both 
implemented as NMOS transistors. A first multi-level 
controller 430 selectively communicates N different voltage 
levels with gate 410 of first transistor 420, while a 
second multi-level controller 415 selectively communicates 
M different voltage levels with gate 455 of second 

transistor 450. 
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[0071] In the example shown in FIG. 4, M is equal to five. 
Second multi-level controller 415 selectively applies 
voltage levels 440-1 through 440-5 to gate 455. For this 
implementation, voltage level 440-1 is equal to the voltage 
Vx at the drains of first transistor 420 and second 
transistor 450. A node corresponding to voltage level 
440-5 is connected to a bootstrap voltage Vbs via a diode 
445, and thus, for an ideal diode, voltage level 440-5 is 
equal to Vx + Vbs- The node corresponding to voltage level 
440-5 is connected to a node corresponding to voltage level 
440-1 via a bootstrap capacitor with capacitance equal to 

[0072] FIG. 4 shows a resistive voltage divider that 
determines the intermediate voltage levels. When each of 
the resistances in the voltage divider are equal, voltage 
level 440-2 is equal to 1/4 (Vx + Vbs)/ voltage level 440-3 
is equal to 1/2 (Vx + Vbs)/ and voltage level 440-4 is equal 
to 3/4 (Vx + Vbs) • As noted above with respect to FIG. 3A, 
other configurations may be used to provide the different 
voltage levels. 

[0073] The systems and techniques described herein may 
provide additional advantages. For example, when first 
switch 210 and second switch 220 of FIG. 2 are implemented 

as transistors (as in FIGS. 3A, 3B, and 4), selectively 
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applying a niimber of different voltages rather than 
directly switching the transistor on and off may reduce 
transistor stress, and thus decrease the mean time to 
failure of the associated transistors. 

[0074] FIG. 5A shows a plot of the drain- source current Ids 
versus drain-source voltage Vds ^or different values of the 
gate source voltage Vqs- In a higher stress region 500 of 
FIG. 5 A corresponding to high values of Vqs and Vdsi the 
transistor experiences stress and may begin to break down. 
Repeated and/or prolonged periods of high transistor stress 
may shorten the lifetime of the transistor. 
[0075] Switching the gate voltage directly from a voltage 
at which the transistor is off (Voff) to a voltage at which 
the transistor is fully on (Von) inay place the transistor in 
higher stress region 500 of FIG. 5A. For example, just 
after the gate voltage is switched from Voff to Von/ both Vds 
and Vgs niay be high, and the transistor may be operating at 
Vds and Vqs corresponding to point 501 in higher stress 
region 500. Vds decreases as the region under the gate is 
depleted of majority carriers and an inversion layer is 
created. After a time, Vds and Vqs correspond to a point 502 
in lower stress region 510. Generally, the longer the time 
spent in higher stress region 500, the greater the impact 

on transistor lifetime. 
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[0076] By selectively applying one or more intermediate 
voltage levels to the gate rather than directly switching 
the voltage between Von and Voff (e.g., using the systems 
described above and illustrated in FIGS. 3A, 3B, and 4), Vqs 
and Vds inay remain in lower stress region 510 of FIG. 5A. 
For example, a transistor may be turned on by selectively 
applying intermediate voltage levels corresponding to those 
shown in FIG. 5A. The voltage may first be increased from 
Voff to the first intermediate voltage level with Vgs=1. 
Just after the voltage is changed, Vqs and Vds correspond to 
a point 503 in lower stress region 510 of FIG. 5A. 
Depletion of the majority carriers in the region under the 
gate begins, and the drain source voltage decreases, so 
that the transistor is operating at a point 504. 
[0077] The voltage may then be increased from Vgs=1 to 
Vgs=2 . Just after the voltage is changed, the transistor is 
operating at a point 505, which is still in lower stress 
region 510. Vds continues to decrease, until the transistor 
is operating at a point 506. Similarly, just after the 
gate voltage is increased from Vgs=2 to Vgs=3, the transistor 
is operating at a point 507, then at a point 508 
corresponding to a lower value of Vds- Finally, just after 
the gate voltage is increased from Vgs=3 to Vgs=4 (Von) ^ the 
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transistor is operating at point 502 in lower stress region 
510, and follows the curve to lower levels of Vds as shown. 
[0078] For the turn-on process described above, each of the 
points 502-508 are in lower stress region 510 rather than 
higher stress region 500. Thus, selectively applying 
intermediate voltage levels to the gate may reduce or 
eliminate the time the transistor is operating in higher 
stress region 500. 

[0079] In some implementations, a switch assembly 
controller may be provided to control the timing of the 
voltage changes so that high stress conditions may be 
avoided. Providing a switch assembly controller may allow 
the switching to be accomplished in a minimiim time 
compatible with a particular stress threshold. FIG. 5B 
shows a system 505 including such a switch assembly 
controller. System 505 includes a first transistor switch 
520 that may be turned on and off by selectively applying 
different voltage levels to a gate 510. For example, a 
multi-level connector 525 (which may be part of a multi- 
level controller) may selectively apply different voltages 
to gate 510. 

[0080] System 505 includes a second transistor switch 550 
that may be turned on and off by selectively applying 

different voltage levels to a gate 555 using a multi-level 

Customer No. 23 624 24 
Express Mail No. EV 348187926 US 



MP0237 

connector 515. A voltage detector 560 in communication 
with a drain 522 of first transistor 520 and a source 523 
of first transistor 520 measures the source/drain voltage 
Vds- Similarly, a voltage detector 565 may measure Vds for 
second switch 550. The output of voltage detector 560 may 
be provided to a switch assembly controller 562. 
[0081] In order to turn on first switch 520, the gate 
voltage may be changed from a first voltage at which first 
switch 520 is off to a first intermediate voltage level. 
Voltage detector 560 outputs Vds to switch assembly 
controller 562. Switch assembly controller 562 may compare 
a measured value of Vds provided by voltage detector 560 
with a threshold value Vds (threshold) ■ When the measured 
value of Vds is below Vds ( threshold) , switch assembly 
controller 562 may provide a signal to multi-level 
connector 525 to change the voltage at gate 510 from the 
first intermediate voltage level to a second intermediate 
voltage level. The process may be repeated until the 
voltage level at gate 510 is sufficient to fully turn on 
first switch 520. A similar process may be used to turn 
second switch 550 off and on, using voltage detector 565 
and a switch assembly controller 567. Note that although 
separate voltage detectors and switch assembly controllers 

are shown in FIG. 5B, they need not be separate. 
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[0082] As noted above, if the gate voltage does not 
completely settle to an applied intermediate voltage level 
prior to switching to the next level, the actual 
improvement in gate loss may be less than the theoretical 
level. However, using a single multi-level 
controller/ transistor system may require impractically long 
settling times. FIG. 6 shows the relationship of the 
current flow from one of the storage capacitors to the gate 
of the power transistor. The current exhibits both a large 
peak and a long settling time. 

[0083] FIG. 7 shows an implementation of a system 700 that 
provides for both smaller current peaks and smaller 
settling times. Rather than a single multi-level 
controller/ transistor system, a number of systems are used. 
That is, M multi-level controllers 710-1 through 710-M are 
each in communication with a gate 720-1 to 720-M of a 
switching transistor 730-1 to 730-M. In some 
implementations, each of the controllers 710-1 through 710- 
M selectively apply different voltage levels sequentially. 
For example, controller 710-1 selectively applies voltage 
levels 715-0(1) through 715-N(1) sequentially, while 
controller 710-2 selectively applies voltage levels 
715-0(2) through 715-N(2) sequentially. The number and/or 
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magnitude of the voltage levels may be the same for each 
controller or may be different, 

[0084] M may be chosen to provide desired switching times 
and peak currents. In some implementations, M may be 
chosen to be between about 10 and about 1000. By 
sequentially applying different voltages using the 
controllers 710-1 through 710-M, transistors 730-1 to 730-M 
may be turned on and off more quickly without introducing a 
large transient current on the supply voltage of a PWM 
output stage. 

[0085] For an example where M=10 and N=4 in a system such 
as system 700, FIG. 8 shows the current flowing between the 
charge storage devices and the associated gates of the 
transistors being switched from l/4Vs to Vg through 1/2 Vg 
and 3/4 Vg. At to, the voltage applied via controller 710-1 
is switched from 1/4 Vs to 1/2 Vs. After a time interval 
At, which may be less than the settling time of the first 
transistor as shown, the voltage applied via controller 
710-2 is switched from 1/4 Vs to 1/2 Vs. The voltages 
applied via controllers 710-3 through 710-10 are 
subsequently switched from 1/4 Vs to 1/2 Vs. Since each 
transistor 730-1 through 730-10 is relatively small, the 
settling time tgettie as well as the peak current ipeak for 
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each is substantially less than in the case where a single 
large transistor is used. 

[0086] At a time ti, the voltage applied via controller 
710-1 is switched from 1/2 Vs to 3/4 Vs. The interval 
(ti-to) may be either less than the time required to switch 
the voltage applied via all controllers 710-1 to 710-10 to 
1/2 Vs (as shown in FIG. 8), or may be the same as or 
greater than the time required to switch the voltage 
applied via all of the controllers. The voltage applied 
via the remaining controllers may then be switched from 1/2 
Vs to 3/4 Vs. Similarly, at a time t2, the voltage applied 
via controller 710-1 is switched from 3/4 Vs to Vs, with the 
voltage applied via the remaining controllers 710-2 through 
710-10 being subsequently switched from 3/4 Vs to Vs. 
[0087] Although the times used may vary, in some 
implementations, At may be on the order of about fifty 
picoseconds, (ti-to) may be on the order of about half a 
nanosecond, and the transition from the high voltage to the 
low voltage (or vice versa) may be on the order of about 
five nanoseconds. 

[0088] In some implementations, the voltage applied via 
some of the controllers may be stepped through fewer than 
all of the N voltage levels, or directly between the on 

voltage and the off voltage. This may reduce the time 
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spent in transition between the high and low voltage 
levels. FIG. 9 shows an implementation where multi-level 
controllers 910-1 and 910-4 are switched from a low voltage 
level of 0 volts through three intermediate voltage levels 
(1/4 Vs, 1/2 Vs, and 3/4 Vs) to a high voltage Vs. 
[0089] Rather than selectively applying all of the 
intermediate voltage levels, the voltage applied via a 
controller 910-2 is switched directly from the low voltage 
(in this example, 0 V) to the high voltage Vs. The voltage 
applied via a controller 910-3 is switched through a single 
intermediate voltage level of 1/2 Vs. Although the 
structure of controllers 910-2 and 910-3 are shown as 
different than the structure of controllers 910-1 and 910-4 
in FIG. 9, in some implementations each controller may have 
the same structure. In such an implementation, the 
sequence of voltage levels applied via particular 
controllers may be implemented using, for example, 
software. 

[0090] Quicker response time may be obtained by reducing 
the time in the transition between turning off the first 
switch and turning on the second switch (the ''dead time") . 
The dead time may be reduced by overlapping the transition 
between switches. 
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[0091] In an example, the first switch may be an NMOS 
transistor and the second switch may be a PMOS transistor. 
Prior to turning on the PMOS transistor, the voltage 
applied to the gate of the NMOS transistor is stepped from 
VonCN) through the intermediate voltage levels to Voff{N). In 
order to reduce the dead time, the process of turning on 
the PMOS transistor may be initiated before the voltage 
applied to the gate of the 3SIM0S transistor is Voff{N>. For 
example, the voltage applied to the gate of the PMOS 
transistor may be changed from Voff(P) to the first 
intermediate voltage level at a time when the voltage 
applied to the gate of the NMOS transistor is at an 
intermediate voltage level rather than at Voff(N). 
[0092] Since the PMOS transistor is barely on, the risk of 
large crowbar current generation during transition between 
devices is substantially reduced. In some implementations, 
the values of the lowest voltage level (s) may be chosen to 
facilitate this transition. 

[0093] FIG. 10 illustrates this process. For this example, 
the NMOS transistor is on at time to, with an applied 
voltage equal to Vs. At time ti, the voltage to the gate of 
the NMOS transistor is reduced from Vs to 3/4 Vs. At time 
t2, the voltage is reduced from 3/4 Vs to 1/2 Vs. 
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[0094] At time ta, the voltage to the gate of the NMOS 
transistor is reduced from 1/2 Vs to 1/4 Vs. At about the 
same time, the voltage to the gate of the PMOS transistor 
is decreased from Voff{P) to the first intermediate level 
(here, from 0 V to about -1/4 Vs) . Thus, the dead time may 
be reduced by an amount about equal to the settling time. 
[0095] A niomber of implementations have been described. 
Nevertheless, it will be understood that various 
modifications may be made without departing from the spirit 
and scope of the invention. For example, although buck 
configurations have been shown herein for illustration, the 
described systems and techniques may be used with other 
implementations of DC/DC converters. Accordingly, other 
embodiments are within the scope of the following claims. 
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